OBJECTIVE AND DESIGN: As well as its involvement in control of adipose mass and body energy balance, several reports suggest a link between leptin and hemopoiesis. To test its putative role in human hemopoiesis, we developed a homologous system, ie recombinant human leptin treatment of puri®ed CD34 progenitors from adult human bone marrow. RESULTS: Leptin (50 ± 100 ngaml) signi®cantly stimulated the appearance of granulocyte-macrophage colonies in the presence or absence of erythropoietin. The concentration of leptin required for this effect was rather high but within the range of plasma leptin levels observed in obesity. Two results further support the hypothesis that leptin may be involved in the leukocytosis associated with obesity: (i) leptin concentrations in bone marrow and plasma of subjects studied were highly correlated; (ii) leptin and leukocyte count were correlated only in obese subjects. Paracrine effects of locally released leptin from bone marrow adipocytes could also be involved in the regulation of hemopoiesis, a hypothesis supported by marrow immunocytochemistry revealing the close association of CD34 cells with adipocytes and by previous demonstration that leptin is secreted at a high level by these cells. CONCLUSION: These results indicate that leptin acts on human multilineage CD34 cells and that high plasma leptin levels associated with obesity could participate in the differentiation of granulocytes from hemopoietic progenitors.
Introduction
Leptin is mainly secreted by adipose tissues and is involved in the regulation of body energy balance and body fat. 1, 2 As well as acting as a signal regulating energy balance, leptin probably plays a role in functions related to the adrenal, thyroid and reproductive axis. 3 The characterization of a leptin receptor on human hemopoietic stem cells CD34 4 ± 6 focused attention on the putative role of leptin in hemopoiesis. This question is particularly relevant since a signi®-cant relationship of the leukocyte count with body weight or body mass index (BMI) has been demonstrated in obese subjects. 7, 8 The same type of relationship was observed in obese Pima Indians and it has been proposed that this could be partly explained by leptin concentrations. 9 It is noteworthy that this conclusion was reached by indirect arguments. However, a direct link between plasma leptin concentrations and leukocyte count was later described in 15 ± 16 y-old Japanese non-obese male adolescents, although it was not detected in adults. 10 In spite of these studies, the question of the action of leptin itself on hemopoietic stem cells and its physiological signi®cance have never been clearly and directly investigated.
This encouraged us to examine: (i) the effect of leptin in a homologous and well-characterized system, ie recombinant human leptin with puri®ed CD34 multilineage hemopoietic precursors from adult human bone marrow (BM); and (ii) the relationship between leptin and blood cell parameters in obesity, a situation in which the effect we observed could be involved.
Experimental design and methods

Subjects
This study was performed in accordance with the guidelines of the ethical committee of our institution and the patients gave their informed consent. EDTA-anticoagulated venous blood samples were obtained from: (a) 70 normal-weight healthy volunteers who had fasted overnight, presented with no clinically detectable illness and were not on medication, other than oral contraceptives, and (b) 92 overweightaobese subjects with a BMI (calculated as weighta height 2 , kgam 2 ) above 27, who had no chronic respiratory disease, hematologic disorders or recent history of infection. For in vitro studies, BM samples (aspirate and biopsy) and venous blood were simultaneously obtained from 16 informed, non-obese, hospitalized patients aged 44 ± 84 y.
Isolation of hemopoietic progenitors
BM aspiration samples were treated with NH 4 Cl for erythrolysis and the mononuclear cells were isolated by density centrifugation over Ficoll-Hypaque. Hemopoietic stem cells were positively isolated by magnetic activated cell sorting, 11 using the CD34 Progenitor Cell Isolation Kit (MACS, Miltenyi Biotec, Germany). To increase the purity of the CD34 cells, the magnetic separation step was repeated: the positive fraction recovered from the ®rst column was separated a second time using a further column.
Bone marrow colony-forming assay
The frequency of granulocyte-macrophage (CFU-GM) and erythroid (CFU-E) hemopoietic progenitor cells was evaluated by clonal assays in a semi-solid culture system. A 1 ml aliquot of culture mixture containing 2Â10 3 CD34 cells, Iscove's Modi®ed Dubelcco's Medium, 1.2% methylcellulose, 30% fetal bovine serum, 2.5Â10 75 M mercaptoethanol, 10% conditioned medium from the bladder carcinoma cell line 5637, in the presence or absence of two units of recombinant human erythropoietin (Epo; Boehringer Mannheim, Meylan, France), were plated in triplicate in tissue culture plates for 14 days under fully humidi®ed conditions in an atmosphere of 5% CO 2 in air at 37 C. The 5637 conditioned medium, used as source of growth factors, allows the growth of CFU-GM and CFU-E with results equivalent to combinations of IL-3 GM-CSF G-CSF. 12 Colonies consisting of more than 50 cells were examined and scored under an inverted microscope. To identify colonies, individual clumps were lifted with a micropipette under microscopic visualization, cytocentrifuged and stained with May-Gru Ènwald-Giemsa. Recombinant human leptin (Hoffmann-La Roche, Nutley, NJ) was free from trace contamination with other cytokines or bacterial toxins. For statistical comparison in scoring the number of colonies, the Wilcoxon one-tailed test was applied. P values less than 0.05 were considered signi®cant.
Immunohistochemistry of bone marrow
Bone marrow biopsies were ®xed in ethanol-based Bouin's¯uid. The immunohistochemical technique used was a standardized three-step immunoperoxidase procedure with prior trypsinization, described elsewhere. 13 The anti-CD34 antibody QBEND10 (Immunotech, Marseille, France) was used at 1 : 100 dilution.
Leptin determinations
BM samples were centrifuged at low speed and the supernatants were assayed for leptin concentration by ELISA using monoclonal anti-human leptin antibodies (Hoffmann-La Roche, Nutley, NJ). Plasma leptin concentrations were assayed in parallel with the BM supernatants. Leptin concentrations were calculated from standard curves using recombinant human leptin. Limit of detection for the assay was 0.2 ngaml. 14 Pearson's correlation coef®cient r was used to evaluate associations between BM and plasma leptin. Student's t-test was used for statistical signi®cance.
Results
In clonal methylcellulose assay of CD34 cell enriched fractions, only GM colonies were obtained after 14 days of incubation. As shown in Table 1 , the addition of leptin alone increased the number of GM colonies. This effect was highly statistically signi®-cant at the dose of 50 (P`0.01) and 100 (P`0.001) ngaml leptin. In the presence of 2 Uaml Epo, both GM and erythroid colonies could be scored after the same period (Table 2) . A slight enhancing effect of leptin on GM colony formation was observed (P`0.05). Erythroid (E) colony development was not signi®cantly inhibited by leptin, despite a two-fold decrease in the presence of 100 ngaml leptin.
To estimate leptin concentration within bone marrow, and to compare plasma and marrow leptin concentrations, samples were obtained simultaneously from a series of hospitalized patients. The mean concentration of leptin in BM supernatant (15.6 AE 10.5 ngaml) was not signi®cantly different from that in plasma (21.6AE 11.6 ngaml), but these parameters were strongly correlated (Figure 1 , r 0.946, P`0.0001).
Two series of control and overweightaobese subjects were studied; their characteristics are summarized Table 3 . In both groups, leptin concentrations were signi®cantly higher in women than in men. As previously reported, this difference persisted after control for BMI. 15, 16 Platelets were higher and, as expected, the red blood cell count and hemoglobin levels were lower in women than in men. Leukocyte counts were signi®cantly higher in tobacco smokers (data not shown).
The results of multiple regression analysis of age, leptin, BMI and hematological paramenters are presented in Table 4 . Due to the marked difference of mean leptin levels between men and women, regression analyses were performed after controlling for gender. As a whole, BMI was not correlated with any hematological parameters. Plasma leptin concentration was signi®cantly correlated with leukocyte count in overweightaobese subjects. In healthy controls, we found no correlation between leptin level and leukocyte count independent of gender or smoking status. In both groups, there was no signi®cant correlation between leptin concentration and red blood cell count, hematocrit, hemoglobin level, platelet count, or any parameter of the differential analysis.
Examination of paraf®n blocks of bone marrow biposies from non-obese, hospitalized patients Figure 1 Relationship of plasma and bone marrow leptin levels in 16 hospitalized patients. (Figure 2A) . Moreover, immunohistochemical study performed with anti-CD34 antibody indicated that about a third of stained cells were localized at the periphery of adipocytes ( Figure  2B ).
Discussion
For the ®rst time, in a homologous system (ie human leptin and human puri®ed hemopoietic progenitors), our results provide evidence of a positive effect of leptin on myelopoiesis from multilineage CD34 cells from the bone marrow of adult subjects. Several studies have previously attempted to investigate a putative effect of leptin on hemopoiesis. Con¯icting results have been obtained in rodents as well as in humans, in heterogeneous systems. The ®rst report in rodents concerned the proliferative effects of leptin on murine fetal liver progenitor cells. 5 Later, Umemoto et al observed that, in cultured mouse bone marrow cells, recombinant mouse leptin induced only granulocyte-macrophage colony formation in a dose-dependent manner. 17 On the contrary, Mikhail et al reported that recombinant mouse leptin did not stimulate myeloid differentiation but acted synergistically with erythropoietin to increase end-stage colony-formingunit-erythroid development from murine bone marrow and non-characterized bone marrow cells. 18 Conversely, Gainsford et al reported that human leptin exhibited no capacity to stimulate cell survival or proliferation of human marrow cells in culture. 4 It is noteworthy that in these reports the cellular models for hemopoietic differentiation were usually transfected cells or cells of fetal origin. This is not the case in the present study since the hemopoietic precursors tested were isolated from adult bone marrow. The in vitro action of leptin we observed appears mainly related to granulocyte-macrophage differentiation. Besides a putative effect on blood cell parameters, this observation is consistent with the increasing number of reports describing an in¯uence of leptin on the phenotype and functions of macrophages. 4, 19, 20 In our system, the in vitro effects of leptin on hemopoiesis were signi®cant at relatively high concentrations, ie !50 ngaml. Even if a moderate hemodilution of bone marrow samples could not be excluded, the strong correlation between BM and plasma leptin levels suggests that such concentrations could be reached in the bone marrow of subjects with high levels of circulating leptin. Obesity is characterized by high plasma levels of leptin. 1 We hypothesize that the high concentrations of circulating leptin observed in these subjects are responsible for the relationship of leukocyte count to leptin through a direct action of the hormone on hemopoietic progenitor cells. Indeed, two previous reports proposed a possible association of circulating leptin levels with leukocyte counts. Wilson et al showed a positive correlation between leukocyte count and leptin in Leptin and hemopoietic progenitors P Laharrague et al obese Pima Indians. 9 Hirose et al found an association of serum leptin level with leukocyte counts in Japanese boys aged 15 ± 16 y, but not in middle-aged adults. 10 Our statistical analysis clearly established the existence of a positive correlation, independently of the BMI, between plasma leptin and leukocyte count only in overweightaobese adults.
The endocrine effect of circulating leptin could be complemented by a paracrine effect of leptin locally produced by human bone marrow adipocytes. Such an effect would be consistent with our recent demonstration 14 that these adipocytes are able to secrete leptin at a high level, and by the immunohistochemical study presented here, suggesting a close contact between BM adipocytes and a signi®cant number of CD34 progenitor cells.
Taken together, these results suggest that leptin could contribute to (i) the regulation of normal differentiation of adult bone marrow hemopoietic progenitors, and (ii) the hematological pattern of overweightaobese subjects through its direct action on myelopoietic progenitors. Thus, in addition to its important role in regulating body energy balance, the potential role of leptin in the regulation of hemopoiesis in humans needs to be considered.
